We studied the far field radiation properties of a new resonator antenna composed of split ring resonators (SRRs) and a monopole. It is shown that the antenna size at the operation frequency (3.52 GHz) is approximately one tenth of the free space wavelength (λ/10). Moreover, increasing the number of SRRs yields steerability properties. These achievements provide a way to create rather small steerable resonant antennas.
transmit the TEM mode waves up to 65 GHz safely. The ground plane material is aluminum and is connected to the shield by a conducting paste. It is 0.5 mm thick and has a square shape with an edge length that is equal to the free space wavelength. The operation frequency was 3.52 GHz, which was determined by considering the SRR's geometrical parameters. The corresponding free space wavelength (λ) was 85.17 mm. The length of the wire above the ground plane was 8.32 mm and for the monopole antenna this length corresponds to a quarter of the operation wavelength. Thus this monopole antenna was working efficiently when feed wavelength was 33.28 mm and feed frequency was 7.8 GHz. Therefore, the SRR resonance frequency is smaller than the monopole operation frequency. The SRR is positioned rather close to the radiating wire part of the monopole antenna.
At the operation frequency, 3.52 GHz, the wire part and SRR behave as a composite radiating structure. The characteristic impedance of the coaxial cable and wire SRR composite becomes very close, in which the surface currents on the SRR increase an order of magnitude and the structure starts to radiate efficiently.
For the theoretical calculations, we simulated the structure via the commercial program: Computer Simulation Technology Microwave Studio (CST MWS). There was a considerable change at the S11 and at the surface current at the operation frequency with respect to a nonresonant frequency. S11 reduced to -30 dB from -3 dB and the surface current increased from 90 A/m to 2460 A/m. For the experimental demonstration, we used an HP8510C Network Analyzer. After a full two port calibration we measured the monopole antenna S11 in order to determine its efficient operation frequency, which is 7.8 GHz. Subsequently, we measured the S11 parameter between 3 GHz and 5 GHz (Fig. 1d) . We observed that the composite to be a -32 dB S11 value. We also obtained the far field radiation patterns of the structure by using the simulation results. The structure radiates similar to a single element patch antenna. The 3D far field view and corresponding E plane and H plane patterns are shown in Fig. 2 . Main lobe direction was 115°, and the directivity is 6.53 dBi. In order to show that the effect is purely due to the magnetic resonance of the SRR, we also reveal the closed split ring resonator (CRR) results. CRR has the same parameters as SRR but the splits are closed. We consider the same planes as the SRR monopole composite. The CRR insertion does not have an effect on the monopole, on the other hand, SRR insertion entirely changes the antenna characteristics, such as the radiation pattern.
In order to estimate the radiation efficiency of the antennas we performed the absolute-gain measurements [20] . The gain of the SRR monopole composite antenna is found by comparing it with a standard horn antenna. Two-antenna method is applied and the gain of the 1 SRR monopole composite is found as 2.35 at 3.62 GHz. At this frequency we had minimum insertion loss (S11). The far field radiation pattern cuts are measured by the aid of the horn receiver antenna. The half-power beamwidths of the E and H plane patterns implied the directivity of the antenna as 5.48 dBi [20] . And finally we estimated the effi- ciency as 42.88%. For the multi SRR cases measured gains were almost the same as 1 SRR case. The simulations of the multi SRR cases show that directivity of these antennas is almost the same as the 1 SRR case also. Therefore we can safely conclude that efficiencies of the multi SRR and 1 SRR antennas have similar values. These results indicate that the composite antenna has good coupling efficiency and enough radiation efficiency.
One of the promising properties of the SRR monopole composite is its size. Without considering the ground plane, one should have a λ/2 antenna size for efficient coupling and radiation. On the other hand, for our composite structure the antenna size was approximately λ/10. We can state that this antenna is electrically small; moreover, by modifying the SRR structure in terms of capacitor loading the antenna size could even be reduced to λ/40. This work will be addressed in another paper.
We also considered multi-SRR effects on the radiation pattern. By coupling 2, 3, and 4 SRRs side by side, we calculated the radiation patterns. The dependence of coupling on the arrangement of the SRRs was studied in the literature [21] . Here, SRRs are placed side by side with an 8.8 mm period (Fig. 3) . The measured and simulated S11 parameters indicated that the arrangement of multi-SRRs in this way does not change the operation frequency consirerably. There is a small shift with respect to the 1 SRR case.
Metamaterial transmission lines can implement steerable leaky wave antennas [22] [23] [24] . We observed that by increasing the number of SRRs in the x direction, the E plane beam maximum shifts considerably. The corresponding E plane far field patterns are shown in Fig. 4 . Therefore, by changing the resonator numbers in the antenna, we can attain the steerability property.
In conclusion, the monopole and SRR composite behaves like an electrically small antenna (λ/10) operating at the resonance frequency of the SRR. This antenna can be used instead of the planar patch antennas in some applications. Secondly, by introducing multi-SRRs we can observe the beam direction shifts. This property might lead us to steerable antennas that are composed of SRRs.
